We report a reflectance difference spectroscopy ͑RDS͒ study of the optical anisotropy of GaAs:͑001͒ surface quantum wells consisting of a thin GaAs layer ͑3-30 nm thick͒ embedded between an arsenic reconstructed surface and an AlAs barrier. The RDS spectra display anisotropic contributions from the free surface and from the GaAs/AlAs interface. By comparing RDS spectra for the c(4ϫ4) and (2ϫ4) surface reconstructions, we separate these two contributions, and demonstrate that the anisotropy around the E 1 and E 1 ϩ⌬ 1 transitions comprises a component originating from modifications of bulk states near the surface. The latter is attributed to anisotropic strains induced by the surface reconstruction. The experimental data are well described by a model for the RDS response of the multilayer structures, which also takes into account the blue energy shifts and the changes in oscillator strength of the E 1 and E 1 ϩ⌬ 1 transitions induced by quantum-well confinement.
I. INTRODUCTION
Reflectance difference/anisotropy spectroscopy 1 ͑RDS/ RAS͒, a technique that measures differences in the reflection coefficient for polarization along two orthogonal surface directions, was successfully used as an optical probe for the study of surfaces and interfaces in cubic semiconductors. RDS spectra have been reported to include components due to local-field effects, 2,3 surface reconstruction, 4 -7 molecule adsorption, 8 spatial dispersion, 9 electro-optic effects, 10, 11 and surface dislocations. 12 RDS studies of GaAs quantum wells ͑QW's͒ embedded between asymmetric barriers were also reported. 13, 14 A number of applications were mentioned in the literature, among them in situ characterizations of epitaxial growth processes, both by molecular-beam epitaxy ͑MBE͒ ͑Ref. 15͒ and metal-organic chemical vapor deposition, 16 which exploit the sensitivity of RDS spectra to surface reconstructions. RDS was also used for the measurement of doping levels during the epitaxial growth of GaAs and Ga 1Ϫx Al x As by detecting the breakdown of the cubic symmetry in the presence of a surface electric field. 17 Despite intensive investigations, there is a controversy about the physical origin ͑bulk or surface͒ of the different components of the RDS signal. The reconstruction of semiconductor surfaces leads to the formation of bonds not present in the bulk. Typical examples are the As or Ga dimers found on the different reconstruction of the ͑001͒ GaAs surface. Electronic states associated with the dimers are expected to be strongly localized near the surface. 18 Since the dimers have a preferential orientation, electronic transitions involving these states are expected to be highly anisotropic. In addition, reconstruction induces slight changes in atomic positions in the atomic layers close to the surface, thus producing a strain field. The latter, together with the dimers, modify bulk electronic states near the surface, leading to the formation of surface resonances. Contrary to previous conjectures, 4 recent theoretical 19 and experimental 20 studies suggested that in the case of a (2 ϫ4) GaAs ͑001͒ surface, the anisotropy is mainly related to bulk states perturbed by the surface, rather than to the surface dimers. The controversy arises in part from the fact that the main features of the GaAs surface optical anisotropy, located around 2.89 eV, lie only 30 meV below the E 1 GaAs bulk transition, thus making it difficult to separate bulk and surface contributions.
In this paper, we address this problem by investigating the optical response of GaAs surface QW's ͑SQW's͒ consisting of a thin GaAs layer embedded between an arsenicreconstructed surface and an AlAs barrier, as illustrated in Fig. 1 . The motivation for the study lies on the fact that extended bulklike electronic states, which correspond in the present case to conventional QW confined states, can be considerably modified by varying the SQW thickness. 21, 22 In contrast, highly localized surface states, such as those expected for dimer transitions, should be rather insensitive to confinement as long as their penetration depth remains shorter than the SQW thickness. The SQW thickness thus provides a length scale to probe the spatial extension of the surface states. By investigating the RDS response of SQW's with different thicknesses, one should be able to separate the bulklike contributions from the surfacelike contributions.
The RDS spectra of the SQW structures, however, are considerably more complex than that of the single GaAs surface, because each interface is intrinsically anisotropic and thus contributes to the total anisotropy. 23, 24 This point becomes clear by examining the interfacial bonding arrangements illustrated in Fig. 1 . While within each layer the anions are surrounded by four equivalent cations, the interfacial anion ͑As, black circles͒ is bonded to different cations from the upper and lower layers. The planes of the As-Al and As-Ga bonds involving a common anion are rotated by /2 with respect to each other at each side of the interface. Consequently, different polarizabilities are expected along the ͓1 10͔ and ͓110͔ directions. 25 The difficulties introduced by the interface anisotropy can be overcome by comparing RDS spectra for SQW's with different surface reconstructions. Here we will concentrate on the c(4ϫ4) and (2ϫ4) GaAs ͑001͒ reconstructions. While the anisotropy related to the surface changes with reconstruction, the component associated with the buried interfaces is expected to be reconstruction independent, as long as the penetration depth of the surface states remains smaller than the SQW thickness. This procedure is justified by a multilayer formalism for the optical response ͑to be presented in Sec. II A͒, which takes into account multiple reflections at the buried interfaces. A further advantage of the procedure is that first-order contributions to the RDS signal from defects like dislocations, 12 and from surface electric fields, 26 are also eliminated. RDS studies reveal that the optical anisotropy close to the E 1 transition also contains a contribution from bulk states rather than being of purely surface character. The bulk contribution is attributed to the mixing of the E 1 bulk states by the anisotropic strain field produced by the surface dimers. 27, 28 The strain field penetrates tens of monolayers in the bulk, thus perturbing the atomic positions in a region below the surface. 29, 28 We develop a model for this source of anisotropy in the SQW's, which also takes into account the energy shifts and changes in oscillator strength of the E 1 and E 1 ϩ⌬ 1 transitions induced by quantum confinement.
This paper is organized as follows. In Sec. II we develop a model to describe the RDS response of the SQW samples, including the anisotropy of the interfaces and effects of surface strain and QW confinement. Section III describes the sample preparation and the experimental details. Section IV describes experimental RDS results for QW's with different thicknesses. In Sec. V we give a detailed discussion of the experiments using the model exposed in Sec. II. The main conclusions are summarized in Sec. VI.
II. THEORY
In this section, we first develop a formalism to describe the RDS response of multilayer structures with anisotropic surface and interfaces. In Sec. II B, a model is presented for the optical response of the SQW's near the E 1 transition, which takes into account the effects of confinement and of anisotropic strains. Both models will be used in Sec. V to interpret the experimental RDS data.
A. RDS signal from heterostructures
In order to describe the RDS response of the SQW structures of Fig. 1 , we will assume that the anisotropy induced by the surface has a maximum value at the surface plane, and vanishes for depths exceeding a characteristic length L. A similar assumption will be made for the anisotropy introduced by each interface, which will be taken to be constrained within a 2L i -thick layer centered at the interface plane. 30 Outside this layer, the dielectric function is equal to that of the bulk constituents ͑GaAs or AlAs͒, so that the anisotropy becomes negligible.
The complex reflection coefficient of the structure in Fig.  1 
refractive index averaged over the thickness d l of layer l, and z͉͉͓001͔ is the coordinate along the growth direction. The complex reflection coefficient at the interface between the l and m media is defined by r lm ϭ(n m Ϫn l )/(n m ϩn l ).
We have defined Eq. ͑1͒ in terms of average phase factors ␦ l 's since, in general, the refractive index for the lth material is not inhomogeneous along z. Around an interface, the refractive index is expected to become anisotropic as a consequence of the reduction of symmetry. The average change in refractive index for the two polarization states ͑in our case between the ͓1 10͔ and the ͓110͔ directions, see Fig. 1͒ can be written as
where we have used the fact that ⌬n l (z)ϭn l
The RDS signal of the heterostructure is defined as the relative difference ⌬r/r between the complex reflection coefficient for polarizations along the ͓110͔ (r [110] ) and ͓1 10͔ FIG. 1. Structure of the surface quantum-well samples. The GaAs SQW of thickness d 1 is embedded between an AlAs barrier and an As reconstructed surface. The As anion at each interface ͑black circle͒ is bonded to different cations from the layers below and above the interface. As a result, different polarizabilities are expected along the ͓110͔ and ͓1 10͔ directions. The surface shows As dimers corresponding to a (2ϫ4) reconstruction.
(r [1 10] ) directions. ⌬r/r can be expressed in terms of ⌬n l and of the anisotropic reflection at each interface ⌬r llϩ1 /r llϩ1 , according to
includes contributions from the surface and from buried interfaces. In order to extract information about the surface contribution, a knowledge of the optical anisotropy induced by each individual interface is required. If the thickness L of the anisotropic surface layer is much smaller than the SQW thickness, the surface contribution can be distinguished from that of the interfaces by comparing RDS spectra for two different reconstructions, since the interface contribution does not depend on reconstruction. From Eq. ͑3͒ we obtain the following expression for the difference between the RDS spectra for the c(4ϫ4) and the (2ϫ4) reconstructions:
͑4͒
Note that this expression depends only on the changes in the reflection coefficient ⌬r 01 and in the refractive index anisotropy (⌬n 1 ) of the first layer induced by the reconstruction. ⌬n 1 can be directly related to the RDS signal ⌬r 01 /r 01 of the single GaAs surface following the formalism developed in Ref. 32 . For this purpose, we assume that reconstruction leads to different projections of the dielectric tensor ⑀ (1) ( j) (z) along jϭ͓110͔ and ͓11 0͔. ⌬r 01 /r 01 can then be expressed in terms of the dielectric anisotropy ⌬⑀ (1) (z)ϭ⑀ (1) [11 0] (z) Ϫ⑀ (1) [110] (z) according to 32 ⌬r 01
where
This expression is valid in the limit k 1 LӶ1. An immediate consequence of the z dependence of the dielectric function is the mixing of the real and imaginary part of ⌬r 01 /r 01 and ⌬⑀ (1) through the i factor in Eq. ͑5͒.
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Using Eqs. ͑2͒, ͑4͒, and ͑5͒, and the relation ⌬⑀ (1) (z) ϭ2n 1 ⌬n 1 (z), we arrive at the following expression:
ͬ .
͑6͒
Equation ͑6͒ relates the changes in the RDS signal of the multilayer structures induced by the reconstruction ͑left-hand side͒ to the surface reflection anisotropy ͑the term in the square brackets͒. If confinement effects can be neglected, the latter corresponds to the RDS signal of the free GaAs surface for the two reconstructions. Equations ͑6͒ and ͑5͒ can be combined to yield the dielectric changes induced by the reconstruction:
͑7͒
Equations ͑6͒ and ͑7͒ will be used in Sec. V to analyze the multiple reflection effects in the measured RDS spectra. ͑9͒, and calculating the corresponding matrix elements to the L-point conduction band ͉S i Ϯ ͘. We obtain the following expression for the average contribution (1) Ϯ (E) for x and ỹ polarizations:
where ⌫ is a phenomenological broadening parameter associated with the transition. The function describes the line shape of the E 1 contribution to the dielectric function; it differs from that in bulk materials since the confinement also changes the dimensionality of the transition. The confinement induces an energy shift ⌬E Ϯ and a transfer in oscillator strength M Ϯ between the E 1 and E 1 ϩ⌬ 1 components given by
where ⌬ 1 denotes the spin-orbit splitting. While the confinement potential breaks the crystal symmetry, it preserves the fourfold symmetry around z, so that no anisotropy is induced in the x -ỹ plane. The array of As dimers 5 on the reconstructed ͑001͒ GaAs surface produce an anisotropic strain field that penetrates into the crystal. 27, 29 This strain field lifts the fourfold symmetry and introduces an optical anisotropy into the x -ỹ plane. Its effect will be described by the anisotropic perturbation Hamiltonian ⌬H ap acting on the ͉S i ͘ and ͉L i Ϯ ͘ bulk eigenstates. ⌬H ap mainly affects the orbitals ͉x i ͘ and ͉ỹ i ͘ in the plane of the layers according to
͑14͒
where ␦ x and ␦ ỹ are phenomenological parameters which depend on the structure of the anisotropic surface layer. When the spin-orbit interaction is included, the differences in oscillator strength ⌬M Ϯ ͑proportional to the squared matrix elements͒ for polarization along the ͓1 10͔ and ͓110͔ directions becomes
By adding the contributions of transitions a to c and assuming ␦ x , ␦ ỹ Ӷ⌫, the dielectric anisotropy becomes
This equation describes the RDS line shape due to the anisotropic Hamiltonian defined by Eq. ͑14͒. It will be used together with Eq. ͑7͒ and Eqs. ͑11͒ in Sec. III to calculate the optical anisotropy.
III. EXPERIMENTAL DETAILS
The SQW's were grown by MBE on n-doped (10 18 cm Ϫ3 ) GaAs ͑001͒ substrates. The sample structure consists ͑cf. Fig. 1͒ of a homoepitaxial GaAs buffer layer (0.3 m), an AlAs layer ͑10 nm͒ acting as the lower barrier, and a SQW with thickness d 1 ranging from 3 to 30 nm. The SQW's were capped with an As 2 protective layer ͑70 nm͒ deposited from a GaAs decomposition source. In order to obtain the optical response of the pure GaAs surface, a sample consisting of a single GaAs buffer layer capped As was also grown.
After growth, the samples were transferred in air to an ultrahigh-vacuum chamber with special windows for optical studies. The c(4ϫ4)-and (2ϫ4)-reconstructed surfaces were obtained by annealing the samples at 320 and at 430°C, respectively, to adsorb the As cap layer. 36 The As adsorption process was monitored in situ by measuring the pseudo-dielectric function during annealing by ellipsometry. In view of the large difference between the dielectric function of the capped and cleaned surfaces around the GaAs E 2 transitions ͑approximately 4.5 eV͒, this procedure ensured a reproducible preparation of the c(4ϫ4) surface reconstruction. 36 Likewise, we have used RDS ͑around 2.89 eV͒ to monitor the change in reconstruction, from c(4ϫ4) to 2ϫ4. After annealing, the samples were cooled to room temperature for the subsequent RDS and ellipsometric measurements.
The experiments were performed using a rotating analyzer ellipsometer 37 and a RDS spectrometer 38 based on a photoelastic modulator ͑Hinds PEM80͒. The illumination system consists of a 75-W Xenon lamp ͑Hamamatsu L2174͒ and a double monochromator ͑Spex 1680͒ operated with a spectral resolution of 2.25 nm. UV-Rochon prisms were used as polarizers, and the signal was detected by a S-20-type photomultiplier. The RDS spectra were recorded in the en-ergy range from 1.7 to 5.5 eV. The real and imaginary parts of the reflection anisotropy ⌬r/r were measured simultaneously by detecting the reflected intensity at the first and second harmonics of the modulator frequency. Figure 2 shows the real part of the RDS spectra for the c(4ϫ4)-͑lines͒ and (2ϫ4)-͑squares͒ reconstructed surface for pure GaAs ͑a͒ and for SQW's with different thicknesses ͑b͒-͑f͒. The spectrum for the GaAs surface ͓Fig. 2͑a͔͒ is similar to those previously reported. 5 Most prominent is the broad anisotropic feature centered around 2.89 eV, which has opposite signs for the two reconstructions. This feature has been assigned to transitions involving surface As dimers, 5 which have different orientations for the two reconstructions.
IV. EXPERIMENTAL RESULTS
For large SQW thicknesses ͑i.e., thicknesses above 30 nm͒, the RDS spectra are essentially equal to those of the GaAs surface, since the incoming light is strongly absorbed in the SQW layer and confinement effects are negligible. For thinner SQW's, considerable modifications are observed. The dimer-dimer transition ͑around 2.8 eV͒ with a convex ͑con-cave͒ line shape for c(4ϫ4) ͓(2ϫ4)͔ is still the dominant one in the low energy region: the precise line shape, however, depends strongly on the SQW thickness. Also, strong features develop close to the E 1 and E 1 ϩ⌬ 1 transitions.
For energies above the E 1 ϩ⌬ 1 transition, the RDS spectra of thin SQW's become essentially insensitive to surface reconstruction. In the thinner samples ͓Fig. 2͑f͔͒, the changes with reconstruction only appear for energies below 3.0 eV. The spectra are dominated by features at the energies of the bulk critical points of GaAs (E 1 ϩ⌬ 1 , E 0 Ј , and E 2 ) and AlAs (E 0 , E 1 , and E 2 ), thus indicating a strong contribution from buried layers and interfaces.
V. DISCUSSION
As discussed in Sec. II, the RDS spectra of the SQW's in Fig. 2 include contributions from the surface as well as from the buried interfaces. In order to separate the two contributions and to access the surface contribution following the procedure described in Sec. II, we calculated the numerical difference between the RDS spectra for the c(4ϫ4) and (2ϫ4) reconstructions. The result is displayed by the circles in Fig. 3 . The spectra show systematic changes with decreasing SQW width, which are more pronounced around the critical points E 1 of the GaAs ͑around 3 eV͒ and E 1 of AlAs ͑around 4 eV͒.
FIG. 2.
Real part of the RDS spectra of ͑a͒ ͑001͒ GaAs, and of GaAs SQW's with thicknesses of ͑b͒ 30 nm, ͑c͒ 20 nm, ͑d͒ 10 nm, ͑e͒ 5.3 nm, and ͑f͒ 3 nm. In each case, spectra are shown for the c(4ϫ4)-͑lines͒ and for the (2ϫ4)-͑filled squares͒ surface reconstructions, respectively. The RDS signal ⌬r/r is defined as the relative difference between the complex reflection coefficient for polarizations along the ͓1 10͔ (r [1 10] ) and ͓110͔ (r [110] ) directions.
FIG. 3. Difference between RDS spectra for the c(4ϫ4)
and (2ϫ4) reconstructions ͑cf. Fig. 2͒ for ͑a͒ the free GaAs surface and for SQW's with thicknesses of ͑b͒ 30 nm, ͑c͒ 20 nm, ͑d͒ 10 nm, ͑e͒ 5.3 nm, and ͑f͒ 3 nm. The solid lines were calculated using Eq. ͑6͒.
According to the discussion in Sec. II, in the absence of confinement effects the difference spectra in Fig. 3 can be directly related to the anisotropy of the GaAs c(4ϫ4)-and the (2ϫ4)-reconstructed surfaces. The solid lines superimposed on the experimental data in Fig. 3 display the difference spectra calculated from Eq. ͑6͒ using the measured anisotropy of the c(4ϫ4) and the (2ϫ4) GaAs surfaces shown in Fig. 3͑a͒ . The first term on the right-hand side of Eq. ͑6͒ was calculated using the dielectric functions of GaAs measured by ellipsometry and the reported values of the dielectric function of AlAs. 39 For wide SQW's ͓as in Figs. 3͑b͒-3͑d͔͒ , confinement effects are expected to be negligible ͑energy shifts less than 10 meV͒. Accordingly, the solid lines reproduce well the measured spectra over the whole spectral range, thus demonstrating that Eq. ͑6͒ correctly takes into account multiple reflection effects at the buried interfaces. In addition, the calculations reproduce quite well the measured spectra for energies above 4.0 eV over the whole range of SQW thicknesses. We attribute this behavior to the fact that ͑i͒ the highenergy transitions in GaAs and AlAs are less sensitive to confinement effects; 21 and that ͑ii͒ according to the calculations obtained using Eq. ͑6͒, above 4.3 eV the buried barriers do not contribute significantly to the RDS signal of the SQW's.
A question arises as to whether we are within the limit k 1 LӶ1 that is the limit of validity of Eq. ͑5͒. An analytical equation correct for any value of k 1 L is unfortunately not available. Thus, to answer this question we have redone the fits for the equation appropriate to the opposite limit k 1 L ӷ1. 20 We found that they were considerably poorer. We believe that this is enough of an argument to use Eq. ͑5͒ as a plausible approximation.
The calculations, however, fail to reproduce the line shape and the intensity of difference spectra for the thinner SQW samples ͓Figs. 3͑e͒-3͑f͔͒ for energies below 3.5 eV. In this energy range, the calculations predict a strong enhancement in intensity of the structures associated with the surface anisotropy, which occurs due to constructive interference effects in the buried interfaces. Such an enhancement is not observed in the experimental data. In addition, the calculations do not reproduce the dip and the maximum at the energies of the E 1 and E 1 ϩ⌬ 1 transitions of GaAs, respectively, which become more pronounced in the measured spectra for decreasing SQW thickness. The anisotropy around the E 1 transitions will be discussed in detail below.
Finally, in addition to the E 1 and E 1 ϩ⌬ 1 features, the spectra comprise an additional component that adds a negative offset to the E 1 and E 1 ϩ⌬ 1 oscillations. This additional component tends to zero faster than the amplitude of the E 1 and E 1 ϩ⌬ 1 transitions, as can be seen for the 3-nm sample in Fig. 3͑f͒ , where the structure for the E 1 (E 1 ϩ⌬ 1 ) peak takes negative ͑positive͒ values contrasting, for instance, with the spectrum of Fig. 3͑a͒ that takes only negative values around these transitions. This additional component could be related to surfacelike states. These states penetrate into the bulk Ϸ8 nm. 40 As seen in Fig. 3 , the strength of the additional component for spectra ͑a͒, ͑b͒, ͑c͒ and ͑d͒ remains unchanged, in agreement with this penetration depth. For the thinner QW's, the reduction of the strength may be related to the interaction between surface states and the buried interface. 40 The calculated solid lines in Fig. 3 only take into account the anisotropy of the free GaAs surface and the effects of multiple light reflection at the buried interfaces. For thinner SQW's the discrepancy between calculated and measured line shapes increases. The discrepancy is partially related to the energy shifts due to confinement effects, which become important for the thinner SQW samples. Another factor that was not taken into account in previous calculations is the relative values for the thickness of the anisotropic layer (L), of the SQW (d 1 ), and the light penetration depth. If L or the penetration depth ͑whichever is smaller͒ exceeds d 1 , then a reduction of the strength of the RDS features is expected. In any cases, these results clearly demonstrated that the anisotropy observed in Figs. 2 and 3 cannot be attributed to highly localized surface states with localization lengths of a few Å's.
In order to address the mechanisms responsible for the anisotropy in the SQW's, it is convenient to represent the anisotropy in terms of the changes in the dielectric function using Eq. ͑7͒. The imaginary part of L⌬⑀ 1 ͉ c(4ϫ4) ϪL⌬⑀ 1 ͉ (2ϫ4) , obtained from the experimental results of Fig.  3 , is shown in Fig. 4 . Note that spectra ͑a͒, ͑b͒, and ͑c͒ are practically the same, thus indicating again that the multiple reflections model of Eq. ͑7͒ correctly takes into account the contribution of the buried layers. For thinner SQW's the effects discussed above are important, and the change in line shape becomes evident.
We now address the contributions of the E 1 and E 1 ϩ⌬ 1 GaAs transitions to the optical anisotropy of the SQW's following the procedure delineated in Sec. II B. For that purpose, we fit the measured data around the E 1 and E 1 ϩ⌬ 1 transitions to Eq. ͑17͒ ͑lines in Fig. 4͒ . The line-shape function (1) necessary for the fit ͓cf. Eq. ͑11͔͒ was obtained from the measured dielectric function of the clean GaAs surface.
From the fitting procedure, we obtain the parameters ␦ z , ␦ s , and ␦ ỹ Ϫ␦ x , which describe the energy shifts, the oscillation intensities, and the anisotropy of the transitions ͓according to Eqs. ͑12͒, ͑13͒, and ͑14͒, respectively͔.
For pure GaAs ͓Fig. 4͑a͔͒ the fit reproduces quite well the line shape around E 1 and E 1 ϩ⌬ 1 transitions. In this case, only the amplitude of the transitions was taken as an adjustable parameter. The spectrum for the 10-nm SQW in Fig.  4͑d͒ was fitted using the same amplitude as before, but including a blue energy shift of 10Ϯ3 meV for the E 1 and E 1 ϩ⌬ 1 transitions. For the spectra in Figs. 4͑e͒ and 4͑f͒, blue energy shifts of 19Ϯ3 and of 38Ϯ3 meV were obtained, respectively. The fitted energy shifts are displayed as a function of the SQW thickness in Fig. 5 ͑circles͒. The squares in the same plot show the confinement-induced energy in ͑001͒-oriented GaAs/AlAs multiple QW's measured by Garriga et al. 21 using spectroscopic ellipsometry. Note the scatter in the data of Ref. 21 for QW widths exceeding 2 nm, much larger than the error bars of our measurements. We attribute this difference to the fact that RDS is a more sensitive technique than ellipsometry.
The dependence of the energy shift with the QW thickness is given by Eqs. ͑9͒ and ͑10͒. These equations were obtained assuming infinite barriers, and thus are expected to give values that largely exceed the experimental ones. However, the shift follows the 1/d 1 2 dependence ͑solid line͒ as can be seen in Fig. 5 .
The fits of Figs. 4͑a͒ and 4͑d͒ yield the same oscillator intensity for the E 1 and E 1 ϩ⌬1 transitions. In Figs. 4͑e͒ and 4͑f͒, the amplitude of the spectra begins to decrease with respect to spectra ͑a͒ and ͑d͒. This suggests that the thickness of the anisotropic layer should be smaller than 10 nm. Assuming that for these two spectra d 1 ϭL, the amplitude of the RDS should become proportional to the QW thicknesses. The ratio between the maximum to minimum amplitudes of the solid lines of spectra ͑e͒ and ͑f͒ is equal to 0.71Ϯ0.07. This ratio agrees reasonably well with the estimated SQW thickness ratio of 0.565Ϯ0.065, where the error bars were obtained taking into account an error of Ϯ2 Å in the QW's thicknesses.
The energy difference ␦ ỹ Ϫ␦ x reflects the reduction in symmetry of the E 1 states induced by the reconstructed surface. Using Eq. ͑17͒ and the fitted amplitude for the spectrum of Fig. 4͑a͒ we have estimated L(␦ ỹ Ϫ␦ x ) Ϸ0.07 eV nm. Taking Lϭ5 nm, in accordance with the discussion of the previous paragraph, we obtain ␦ ỹ Ϫ␦ x Ϸ14 meV. We attribute the energy difference ␦ ỹ Ϫ␦ x to an effective shear strain e xy induced in the SQW's by the surface dimers. 28 The amplitude of the anisotropic strain can be where e xy is the magnitude of the anisotropic strain referred to by the crystal axes, and d is the uniaxial deformation of rhombohedral symmetry. Taking dϭϪ5.4 eV for GaAs, 41 from Eq. ͑18͒ we estimate a surface strain of e xy Ϸ7.5 ϫ10 Ϫ4 .
VI. CONCLUSIONS
We have measured the RDS spectra of ͑001͒-oriented QW's ͑3, 5.3, 10, 20, and 30 nm thick͒ with the asymmetric structure As dimers/GaAs-QW/AlAs/GaAs͑buffer͒ for c(4 ϫ4) and (2ϫ4) surface reconstructions. The model to describe the surface anisotropy developed in the present work is based on the anisotropic strain field produced by the dimers. This strain perturbs the electronic energy levels and the intensities of the E 1 and E 1 ϩ⌬ 1 transitions. In the model we have taken into account confinement and multiple reflections. We show that the RDS spectra around 3.0 eV consist mainly of two contributions: a broad structure and a sharp structure, attributed to surfacelike and bulklike transitions, respectively. 
